A previously unknown Saccharomyces cerevisiae gene, SSM1a, was isolated by screening for high-copy-number suppressors of thermosensitive mutations in the RNA14 gene, which encodes a component from the polyadenylation complex. The SSM1a gene codes for a 217-amino-acid protein, Ssm1p, which is significantly homologous to eubacterial and archaebacterial ribosomal proteins of the L1 family. Comparison of the Ssm1p amino acid sequence with that of eucaryotic polypeptides with unknown functions reveals that Ssm1p is the prototype of a new eucaryotic protein family. Biochemical analysis shows that Ssm1p is a structural protein that forms part of the largest 60S ribosomal subunit, which does not exist in a pool of free proteins. SSM1a is duplicated. The second gene copy, SSM1b, is functional and codes for an identical and functionally interchangeable Ssm1p protein. In wild-type cells, SSM1b transcripts accumulate to twice the level of SSM1a transcripts, suggesting that SSM1b is responsible for the majority of the Ssm1p pool. Haploid cells lacking both SSM1 genes are inviable, demonstrating that, in contrast with its Escherichia coli homolog, Ssm1p is an essential ribosomal protein. Deletion of the most expressed SSM1b gene leads to a severe decrease in the level of SSM1 transcript, associated with a reduced growth rate. Polysome profile analysis suggests that the primary defect caused by the depletion in Ssm1p is at the level of translation initiation.
In Escherichia coli, all of the ribosomal components have been identified, and biochemical and genetic studies have provided a fairly good understanding of the mechanism of ribosome function. A similar analysis of the eucaryotic ribosome has lagged behind, in part because of the lack of knowledge of its individual components and of suitable genetic approaches to the problem. Despite evident similarities between the general mechanisms of protein synthesis in both E. coli and eucaryotes, enough differences exist to justify a detailed study of the eucaryotic ribosome per se. The eucaryotic ribosomes are larger and contain a greater number of RNA and protein species. This is probably important not only for the mechanism of protein biosynthesis but also for interactions with other cellular components and must reflect some specific functions of the eucaryotic ribosomes.
As in all eucaryotes examined so far, the ribosomes from the yeast Saccharomyces cerevisiae are formed of a small subunit (40S) and a large subunit (60S). More than half of the genes encoding ribosomal proteins have been cloned and sequenced, and genetic analysis has allowed specification of the functions of some of these proteins (2, 3, 18, 34, 39, 49, 66) . Considerable sequence homology has been found between yeast ribosomal protein and ribosomal proteins from other eucaryotes, suggesting that functional studies of the yeast ribosome could serve as a model for the study of the eucaryotic ribosome (reviewed in reference 70). In contrast, only a few yeast ribosomal proteins have been found to be homologous to E. coli ribosomal proteins (32, 67, 71, 72) . The E. coli L1 ribosomal protein is an RNA-binding polypeptide which belongs to the large 50S subunits and binds to the 23S rRNA (7) . E. coli mutants with ribosomes lacking this protein have been isolated, showing that L1 is not essential for bacterial ribosome function and assembly (10, 63) . Ribosomal proteins homologous to L1 have been identified in other eubacteria and in archaebacteria belonging to the divergent branches of extreme halophiles and methanogens (reviewed in reference 33) , suggesting that, although not strictly essential in bacteria, this protein is important either for the structure or the function of the ribosome and thus has been conserved during evolution. There are some arguments in favor of the existence of a eucaryotic homolog of the bacterial L1 ribosomal protein (21, 74) . However, none has ever been identified so far.
We report the study of two previously unidentified genes from S. cerevisiae, SSM1a and SSM1b, which both encode an identical protein, Ssm1p, displaying sequence similarity to all archaebacterial and eubacterial ribosomal proteins of the L1 family. Ssm1p is an integral protein of the large 60S ribosomal subunit and is thus the eucaryotic homolog of the bacterial L1 ribosomal protein. The duplicated SSM1 genes encode equally functional Ssm1p proteins, but they have different levels of expression. Ssm1p has an essential function, but mutant S. cerevisiae strains lacking one of the two SSM1 genes are viable. Deletion of the most expressed SSM1b gene generates a severe reduction in the growth rate of haploid cells. Polysome profile analysis of these cells suggests that the primary defect caused by depletion in Ssm1p protein levels is a slowdown of translation initiation.
MATERIALS AND METHODS
Strains and media. The genotypes of the S. cerevisiae strains used in this study are given in Table 1 . Yeast genetic techniques and media were as described elsewhere (60) . E. coli DH5␣ FЈI q , from Bethesda Research Laboratories, Inc., was used to clone and amplify all plasmids. E. coli BMH71-18 (kindly provided by H. Bujard, University of Heidelberg), whose genotype is supE thi ⌬(lacproAB) FЈ (proAB ϩ lacI q lacZ⌬M15), was used to overexpress the Ssm1p protein. Genomic libraries and plasmids. Plasmid cloning and amplification in bacteria were performed according to the method of Sambrook et al. (54) . SSM1a was isolated from a yeast genomic library of the wild-type strain, FL100 (38) , con-structed in the 2m-URA3 high-copy number pFL1 vector (8) . Another yeast genomic library of the wild-type strain, FL100 (61) , constructed in the 2m-URA3 high-copy-number plasmid pFL44L (6), was used to clone SSM1b. All subclones of SSM1a and SSM1b were constructed into either the 2m high-copynumber plasmids YEp351 (LEU2) and YEp352 (URA3) (26) or the low-copynumber ARS-CEN-LEU2 vector pFL36 (6) .
DNA sequencing. DNA fragments containing SSM1a and SSM1b were subjected to various restriction enzyme digestions. The resulting overlapping fragments were subcloned into M13mp18, M13mp19, and pUC19 vectors (73) and sequenced on both strands as described by Sanger et al. (56) with the universal and the reverse primer as well as specific oligonucleotides. Sequences were analyzed with the DNA Strider program (36) and compared by using the FASTA, TFASTA, and RDF2 programs (42) .
Antibodies and immunoblot analysis. SSM1a was overexpressed in E. coli by being cloned into the plasmid pUHE21-2 (5, 7a). DNA fragments encompassing nucleotides 4 to 546 and 4 to 654 of the SSM1a open reading frame (ORF) (see Fig. 2 ), coding for amino acids 2 to 182 and 2 to 217 of the Ssm1p protein, respectively, were amplified by PCR with plasmid pAP10 as a template. The 5Ј oligonucleotide used in both syntheses contained a BamHI site formed by adding a GGA immediately 5Ј to the TTC codon 2 of the SSM1a ORF, which allowed the cloning of the PCR products in frame with the ATG codon of the pUHE21-2 vector. In the 3Ј oligonucleotides, a HindIII site was placed immediately 5Ј to the Gln-182 codon or the ochre 218 codon. These BamHI-HindIII DNA fragments, cloned in the homologous sites of the pUHE21-2 vector, generated plasmids pAP28 (truncated SSM1a ORF) and pAP30 (entire SSM1a ORF), which were sequenced to exclude PCR and cloning artifacts. The expression of the SSM1p protein in E. coli transformants (strain BMH71-18) bearing pAP28 or pAP30 was induced and monitored as described previously (5) . Only the truncated Ssm1p protein (amino acids 2 to 182) was expressed at a level sufficient to allow its gel purification. Gel slices that contained the Ssm1p polypeptide were used to immunize New Zealand rabbits. The specificity and titer of rabbit antisera were tested by Western blot (immunoblot) analysis with extracts prepared from BMH71-18 transformants overexpressing the truncated or the complete Ssm1p protein as well as total yeast protein extracts (53) from the wild-type strain, FL100. Western blot analyses were performed with the enhanced chemiluminescence detection system (Amersham) as recommended by the manufacturer.
Purification of 80S ribosomes and ribosomal subunits for immunoblot analysis. The protocol used to purify yeast 80S ribosomes free of nonintegral ribosomal proteins and to separate the ribosomal subunits is essentially that of Adoutte-Panvier et al. (1) . For convenience, we used glass beads instead of a French press to disrupt the yeast cells. To isolate the ribosomal subunits, the gradients were fractionated at the bottom, 1-ml fractions were collected, and their optical density at 260 nm (OD 260 ) was measured. For immunoblot analysis, proteins from 1-ml peak fractions were concentrated by trichloroacetic acid precipitation (17) and suspended in Laemmli loading buffer (30) .
Cloning of SSM1b. The wild-type allele of SSM1b was isolated by colony hybridization (24) from a yeast genomic DNA library constructed in the pFL44L plasmid (described above). About 20,000 E. coli colonies were screened with the 1.28-kb BamHI-BamHI DNA fragment containing the whole ORF of the gene SSM1a and upstream and downstream sequences (Fig. 1A) . The DNA probe was labeled with [␣-32 P]dCTP by random oligoprimer synthesis (16) and hybridized under low-stringency conditions (40) . Southern blot analysis of the plasmid DNA isolated from all positive clones confirmed that five contained a yeast genomic DNA fragment hybridizing to the gene SSM1a. The restriction map as well as a part of the nucleotide sequence of these five inserts was determined. Three of the inserts contained SSM1a. The other two were identical yeast genomic DNA fragments bearing the duplicated gene, SSM1b. One plasmid, pAP50, containing SSM1b, was retained for further analysis.
Construction of SSM1a-and SSM1b-deleted alleles. To construct the ssm1a-⌬1::TRP1-deleted allele (Fig. 1C) , the 1.28-kb BamHI-BamHI fragment containing SSM1a (Fig. 1A) was subcloned in the unique BamHI site of the pUC19 vector (73) . The resulting plasmid, pAP32, was first digested to completion with NcoI and then was digested partially with XbaI. This eliminated a 692-bp fragment containing almost the entire SSM1a ORF. Both ends were blunt ended with the Klenow fragment of DNA polymerase I and ligated with the filled-in 840-bp BglII DNA fragment from plasmid pFL45S (6) bearing the TRP1 gene. The resulting plasmid was designated pAP33.
To construct the ssm1b-⌬1::URA3-deleted allele (Fig. 1D) , the 2.3-kb SstIHindIII DNA fragment containing SSM1b (Fig. 1B) was inserted into the SstI and HindIII sites of the pUC19 vector (73) . The resulting plasmid, pAP52, was digested with NsiI and SpeI to eliminate the 794-bp DNA fragment containing the entire SSM1b ORF; both ends were filled in with the Klenow DNA polymerase and ligated to the 1,098-bp BglII DNA fragment of pFL38 (6) which bears URA3. The resulting plasmid was designated pAP62.
Northern (RNA) blot analysis. Total yeast RNA was isolated from exponentially growing cells inoculated in yeast extract-peptone-dextrose (YEPD) medium with a glass beads shearing method essentially as described by Sherman et al. (60) . The RNA extraction buffer was 50 mM Tris-HCl (pH 7.5)-10 mM EDTA-150 mM NaCl-0.5% sodium dodecyl sulfate (SDS). Total RNA was precipitated overnight at 4ЊC with 2 M LiCl in the presence of 0.5% SDS to eliminate the genomic DNA. For Northern analysis, RNAs were fractionated on 1.5% agarose gels containing formaldehyde, transferred to nitrocellulose membranes (0.2-m pore size) (54) , and hybridized with in vitro-labeled probes.
DNA fragments were labeled with [␣- (54) . For DNA fragment probes, the hybridization and washing conditions were as described by Sambrook et al. (54) . For the oligonucleotide probes, the hybridization and washing conditions were as described by Rotenberg et al. (49) . The filters were analyzed with a PhosphorImager (Molecular Dynamics) to measure the hybridization signal intensities.
Preparation and gradient analysis of yeast polysomes. Yeast strains were grown in 150 ml of YEPD medium at 30ЊC to an OD 600 of 1.0. The method used to prepare the polysome extracts for gradient analysis was that described by Foiani et al. (17) . For polysome profile analysis, 12.5 OD 260 units of extracts was loaded on 12 ml of 7 to 47% linear sucrose gradients containing 50 mM Trisacetate (pH 7.0), 50 mM NH 4 Cl, 12 mM MgCl 2 , and 1 mM dithiothreitol and centrifuged in a Beckman SW41 rotor at 4ЊC at 39,000 rpm for 2.5 h. All gradients were scanned at 254 nm and fractionated from the top with an Isco gradient collector taking 0.6-ml fractions.
Nucleotide sequence accession numbers. The nucleotide sequences of SSM1a and SSM1b have been sent to the EMBL data library. They have been assigned accession numbers X70985 (SSM1a) and X70986 (SSM1b).
RESULTS
Cloning of SSM1a as a dosage-dependent suppressor of rna14 mutations. Conditional mutations in RNA14 and RNA15 have been shown to cause identical physiological defects in mRNA metabolism (4, 38) and to specifically affect polyadenylation of yeast mRNAs (37) .
To isolate genes whose function would be related to that of RNA14, we undertook a search for high-copy-number suppressor genes of the thermosensitive growth defect caused by rna14 mutations. Strain AP103 (Table 1) , carrying both the temperature-sensitive rna14-1 and ura3-52 mutations, was transformed to uracil prototrophy with an FL100 wild-type yeast genomic library constructed in the high-copy-number vector pFL1 (see Materials and Methods). The Ura ϩ transformants, which were also thermoresistant at 33ЊC, were retained for further analysis. Among them, four were shown to lose or retain, in a coordinate manner, uracil prototrophy and the thermoresistant phenotype. The plasmids contained by these transformants were isolated and further characterized. Plasmids pAP9 and pAP11 were shown to contain the wild-type alleles of RNA15 and RNA14, respectively (38) , and to fully restore the growth competence of the rna14-1 mutant strain AP103 up to 37ЊC, the maximum permissive temperature of our isogenic wild-type strain, FL100. In contrast, the other two plasmids, pAP8 and pAP10, were clearly less efficient in suppressing the thermosensitive defect caused by the rna14-1 mutation, because they allowed the growth of the AP103 transformants only up to the restrictive temperature of 33ЊC. No similarity was found either between the restriction maps of the inserts of plasmids pAP8 and pAP10 or between those of the RNA14 and RNA15 genes, suggesting that we had isolated yeast genomic DNA from two other loci which are extragenic multicopy suppressors of the temperature-sensitive mutation rna14-1. These suppressors were named SSM1a (pAP10) and SSM2a (pAP8) for suppressors of mRNA stability mutants.
Further analysis of the SSM1a and SSM2a suppressors showed that they are not allele specific, since they also partially suppressed the thermosensitive phenotype of the rna14-3 mutant strain AP104. However, they were found to be specific suppressors of the rna14 mutation, because they do not alleviate the thermosensitive growth defect caused by the related rna15-1 mutation of strain AP106. One of them, SSM1a, was further characterized.
SSM1a codes for a protein displaying significant homology to the E. coli L1 ribosomal protein. Plasmid pAP10 bears a yeast genomic DNA fragment with a size of 3.5 kb which contains the SSM1a suppressor. Overlapping restriction fragments of this fragment were cloned in the 2m multicopy vector YEp352 (26) , and their ability to suppress the thermosensitive phenotype of the rna14-1 strain AP103 was tested. This localized the SSM1a gene on a 1.28-kb BamHI-BamHI fragment whose restriction map and nucleotide sequence are shown in Fig. 1A and Fig. 2 , respectively. This DNA fragment contained a unique 654-nucleotide ORF terminated by a TAA stop codon. No TACTAAC consensus sequence, necessary for splicing of mRNAs in yeast cells (31) , was found in the whole segment sequenced, suggesting that this longest ORF is not interrupted by an intron and could code for a protein with a length of 217 amino acid residues ( Fig. 2 ) with a deduced molecular mass of 24,470 Da. The codon bias index of this ORF (59) is 0.82, which is characteristic of a gene with a high level of expression (58) . Furthermore, the nucleotide context found around the ATG start codon fits the optimal consensus observed in highly expressed genes (9, 23) . Total RNAs from the wild-type strain (FL100) were analyzed by Northern blotting with the 1.28-kb BamHI-BamHI DNA fragment (Fig. 1A) as a probe (data not shown). This probe hybridized to a unique 800-bp transcript, confirming that there is, in the sequenced 1.28-kb BamHI-BamHI DNA fragment, only one transcriptional unit.
Inspection of current data banks showed that SSM1a is a previously unknown yeast gene. Sequence comparison analysis VOL. 15, 1995 YEAST HOMOLOG OF BACTERIAL L1 RIBOSOMAL PROTEIN GENE 5073 revealed that its product, the Ssm1p protein, has significant homology to the E. coli L1 ribosomal protein (46) and to other eubacterial or archaebacterial ribosomal proteins all previously shown to be homologous to E. coli L1. Figure 3 shows the alignment of Ssm1p with the most homologous eubacterial and archaebacterial L1 proteins, the ribosomal protein L1 from E. coli (46) and L1 from Halobacterium halobium (27) , respectively, and to the putative polypeptide product encoded by expressed sequence tags from various eucaryotic organisms (see Discussion). Ssm1p is a structural protein of the large 60S ribosomal subunit. The homology between the SSM1a-encoded product, Ssm1p, and bacterial proteins from the L1 family suggested strongly that Ssm1p is a ribosomal protein in S. cerevisiae. Its low molecular mass (24.47 kDa) and its basic amino acid composition (pI 10.4) are both characteristic of yeast ribosomal FIG. 2 . DNA sequence comparison of the SSM1a gene (upper sequence) and the SSM1b gene (lower sequence). In both sequences, nucleotides are numbered from the ATG start codon of the ORF. In the nucleotide sequence of SSM1a, the sequence (from Ϫ178 to Ϫ166) that fits the ABF1 consensus as defined in reference 12 has been underlined. In the nucleotide sequence of SSM1b, the sequence (from Ϫ314 to Ϫ300) that fits the UAS rpg consensus as defined by Mager (35) has been underlined. Also underlined are the following polypyrimidine stretches (50): nucleotides Ϫ145 to Ϫ132 and Ϫ102 to Ϫ93 in SSM1a and nucleotides Ϫ263 to Ϫ252 and Ϫ247 to Ϫ238 in SSM1b. In the sequence of SSM1b, dashed lines represent nucleotides which are identical to those of SSM1a. The predicted amino acid sequence of the Ssm1p protein has been indicated below the coding region.
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proteins (32, 67) . Furthermore, the high codon adaptation index (0.8) is similar to that calculated for the other sequenced yeast ribosomal protein genes (32, 58, 67) . However, no eucaryotic homolog of the bacterial L1 protein has ever been found, and the Ssm1p amino acid sequence does not match any of the completely or partially known yeast ribosomal protein sequences (32, 64, 67) . We thus decided to verify whether the Ssm1p protein was an integral protein of the yeast ribosome.
To assay for the presence of Ssm1p, rabbit polyclonal antibodies were raised against Ssm1p proteins overexpressed in E. coli and used to probe, by Western blotting, different yeast protein extracts (see Materials and Methods). Figure 4A shows that a total protein extract from the wild-type strain, FL100, cross-reacted with anti-Ssm1p antibodies (lane T) and identified only one protein species with an apparent molecular mass of 26 kDa, which is close to 24.47 kDa, the molecular mass calculated from the Ssm1p amino acid sequence. This protein has the same molecular mass as the one detected in a crude extract from E. coli cells overexpressing the entire SSM1a ORF cloned into the puHE21-2 vector (lane Ec ϩ ) and is not present in a crude extract from E. coli cells containing the pUHE21-2 vector without an insert (lane Ec Ϫ ). It was not detected in any of these three protein extracts in Western blotting experiments when preimmune serum was substituted for our anti-Ssm1p antiserum (data not shown).
Proteins considered to be integral components of the ribosome cosediment with these particles in the presence of a high concentration of salt (68) . Crude ribosomes were purified from our wild-type strain, FL100 (1). The 26-kDa protein that crossreacted with our anti-Ssm1p serum (Fig. 4A , lane T) was found by Western blotting to be present in this crude 80S ribosome preparation (Fig. 4B , lane T r ) and remained tightly associated with the ribosomal pellet after a salt wash of the crude 80S ribosomes (Fig. 4A and B, lane R) , confirming that Ssm1p is a structural protein of yeast ribosomes. The salt-washed 80S ribosomes were centrifuged into a linear sucrose gradient to separate 80S ribosomes and 40S and 60S ribosomal subunits (1 [see Materials and Methods]). Figure 4B , shows that the 26-kDa protein that cross-reacted with the anti-Ssm1p serum in crude (lane Tr) and salt-washed (lane R) ribosomes cofractionated with the peak of 80S ribosomes (lane 80S) and with the 60S ribosomal subunits (lane 60S) but was not detected in the 40S ribosomal subunits (lane 40S). Since the Ssm1p protein was not detected in the postribosomal supernatant from the purification of crude 80S ribosomes (Fig. 4B, lane S) , it is likely to be an integral protein of the large 60S ribosomal subunit that does not exist as a free pool in the cytoplasm.
SSM1a is duplicated in the yeast genome. Yeast ribosomal protein genes are often duplicated in the yeast genome, with both copies encoding nearly identical proteins that are both expressed, although usually not at the same level, and that are able to substitute functionally for each other (48, 67, 71, 72) . A   FIG. 3 . Multiple alignment of Ssm1p with procaryotic and eucaryotic homologous proteins. The peptide sequences were aligned by the Macaw program (57) . All of the eucaryotic peptides homologous to Ssm1p were found by translation of cDNA sequences from the EMBL library (release 40; accession numbers are given below in parentheses). Numbers on the right indicate the positions of the amino acid residues in the peptide sequences. Asterisks designate identical residues found in the same position in all of the protein sequences. From top to bottom, the proteins aligned with Ssm1p are as follows. TBTRANS is the amino-terminal sequence of a putative polypeptide obtained by translation in frame ϩ2 (from nucleotides ϩ59 to ϩ193) of a cDNA sequence (M30849) from T. brucei (11) . PAP127 is a cDNA clone from A. thaliana, whose 5Ј end sequence (Z27264) and 3Ј end sequence (Z29872) have been determined. Translation in frame ϩ1 of its 5Ј end (from nucleotides ϩ64 to ϩ438) creates a peptide sequence, ATPAP127-5Ј (starting with a methionine), that can be aligned to the amino-terminal sequence of Ssm1p. With translation in frame ϩ3 of its 3Ј end, ATPAP127-3Ј (from nucleotides ϩ6 to ϩ218) produces a peptide sequence that can be aligned to the carboxy-terminal sequence of Ssm1p. HS12404 is a cDNA clone sequence from H. sapiens (U12404). Translation in frame ϩ1 of this cDNA (from nucleotides ϩ16 to ϩ666) reveals an ORF with a length of 217 codons starting with a methionine. The peptide encoded by this ORF has the same length as Ssm1p and can be aligned with one gap to the entire sequence of Ssm1p. Mm12403 is a cDNA clone sequence from M. musculus (U12403). Translation in frame ϩ1 of this cDNA (from nucleotides ϩ16 to ϩ666) reveals an ORF with a length of 217 codons starting with a methionine. The peptide sequence encoded by this ORF is identical (except for two amino acid changes) to that of HS12404. E. coli L1 is the L1 ribosomal protein from E. coli (46) . H. hal L1 is the L1 ribosomal protein from H. halobium (27) .
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on March 1, 2013 by PENN STATE UNIV http://mcb.asm.org/ Southern blotting analysis of wild-type yeast genomic DNA revealed that a DNA probe corresponding to the SSM1a ORF hybridized, even in stringent conditions, to two DNA fragments corresponding to two different loci (data not shown). This argued strongly that SSM1a is duplicated. The homologous gene, SSM1b, was cloned by colony hybridization from an FL100 yeast genomic library constructed in the vector pFL44L (see Materials and Methods). The restriction map of SSM1b was found to be different from that of SSM1a (Fig. 1A and B) . The nucleotide sequence of SSM1b revealed a single ORF with a length of 654 nucleotides, differing by only 8 bases from the nucleotide sequence of the SSM1a ORF (Fig. 2) . All of these are silent substitutions, and thus both ORFs encode totally identical polypeptides. To the contrary, the nucleotide sequences of the 5Ј-and 3Ј-flanking regions of the SSM1a and SSM1b ORFs are widely divergent. Like that for SSM1a, no consensus signal for splicing was found either in the coding or flanking region of SSM1b. Most of the yeast ribosomal protein genes contain one or two copies of the consensus sequence UAS rpg in their 5Ј-flanking region that act as transcription activation sites binding the TUF/RAP1/GRF1 transcription factor (reference 65 and reviewed in references 45, 48, 67, and 71). In some of the ribosomal protein genes that lack UAS rpg sequences, an ABF1/ GF1-DNA binding sequence has been detected and has been shown in some cases to also be involved in the regulation and the efficiency of their transcription (12, 13, 22) . A sequence that fits the ABF1 consensus (12) is located at positions Ϫ178 to Ϫ166 of SSM1a (Fig. 2) , and a sequence that fits the UAS rpg consensus (35) has been located at positions Ϫ314 to Ϫ300 of SSM1b (Fig. 2) . Two polypyrimidine stretches which are characteristic of ribosomal protein genes (50) and highly expressed genes (62) are found at positions Ϫ145 to Ϫ132 and Ϫ102 to Ϫ93 in SSM1a (Fig. 2) and at positions Ϫ163 to Ϫ152 and Ϫ147 to Ϫ138 in SSM1b (Fig. 2) .
SSM1a and SSM1b encode interchangeable proteins with no functional distinction. To gain further insight into the function and expression of the Ssm1p ribosomal protein, we inactivated either the SSM1a or the SSM1b gene by transplacement of its wild-type chromosomal copy with a deleted one in the diploid strain W303-2n (51) . From this experiment, the diploid strains AP182 (Trp ϩ ) and AP183 (Ura ϩ ), heterozygous for the ssm1a-⌬1 (Fig. 1C) -and the ssm1b-⌬1 (Fig. 1D )-deleted alleles, respectively, were retained for further analysis. They were sporulated, and their meiotic progeny were analyzed. Most tetrads yielded four viable spores in which the TRP1 and URA3 disruption markers displayed the expected 2:2 segregation and cosegregated with the deleted SSM1 alleles, as confirmed by Southern blot analysis (data not shown). This showed that neither SSM1a nor SSM1b is individually required for spore germination or mitotic growth. One tetrad from diploid AP182 and AP183 was retained for further analysis ( Table 1) .
As can be seen in Fig. 5A , the ssm1a-⌬1 haploid spores grow in YEPD medium with doubling times (90 min) indistinguishable from those of wild-type haploid spores, whereas ssm1b-⌬1 haploid spores (Fig. 5B) grow somewhat more slowly. This difference in colony size is due to a slowdown of the growth rate and not to a germination defect, because the ssm1b-⌬1 strains (AP198 and AP199) grow twice as slowly, with a generation time of 180 min.
The deleterious effect of the SSM1b deletion on the vegetative growth of the haploid yeast cell, compared with that of the SSM1a deletion, can be due to some specialized role performed by the SSM1b-encoded Ssm1p protein for which the protein encoded by SSM1a cannot be substituted. This hypothesis was tested by determining whether the slow-growth phenotype of ssm1-⌬1 haploid cells can be suppressed by the presence of extra copies of SSM1a. The diploid strain AP183, heterozygous for the ssm1b-⌬1::URA3-deleted allele (Table 1) was transformed with either a centromeric (pFL36 [6] ) or a multicopy (Yep351 [26] ) plasmid bearing SSM1a and submitted to tetrad analysis. Both plasmids restored a wild-type growth rate to ssm1b-⌬1::URA3 haploid cells. This showed that even a few extra copies of SSM1a can fully restore a wild-type growth rate to an ssm1b-⌬1 mutant and that the Ssm1p proteins encoded by both SSM1 genes can perform the same essential functions in vivo.
Ssm1p is an essential yeast ribosomal protein.
To determine whether Ssm1p is an essential protein, we constructed a diploid strain (AP191) heterozygous for both the ssm1a-⌬1:: TRP1-and ssm1b-⌬1::URA3-deleted alleles. AP191 was isolated out of a cross of the two haploid strains AP193 and AP198, each of which had SSM1a and SSM1b, respectively, deleted. Following sporulation of AP191, asci were dissected and segregation of the disruption markers TRP1 and URA3 in the meiotic progeny was analyzed. The observed ratio of That the lethality of the double-deleted spores resulted from the absence of the essential Ssm1p function was confirmed by the obtaining of viable haploid spores containing chromosomal deletions of SSM1a and SSM1b in the meiotic progeny of strain AP191 transformed with either SSM1a or SSM1b subcloned on a replicating plasmid. The fact that null mutations in either of the SSM1 genes alone are not lethal for an haploid cell confirms that both genes are expressed and complement each other.
SSM1a and SSM1b have different levels of expression. Since no functional difference between the Ssm1p proteins encoded by SSM1a and SSM1b could be found in the previous experiments, we tested whether the slow growth of the ssm1b-⌬1-deleted mutant could result from a higher level of expression of SSM1b.
To estimate the expression of these genes, the relative steady-state levels of SSM1a and SSM1b mRNA in the wildtype haploid strains (AP194 and AP200) as well as in the ssm1a-⌬1-deleted haploid strains (AP193 and AP195) and the ssm1b-⌬1-deleted haploid strains (AP198 and AP199) were measured (see Table 1 for full genotypes). Total RNAs were extracted from these strains grown up to the exponential phase in liquid YEPD medium at 30ЊC, and the amount of SSM1a and SSM1b mRNA was quantitated by Northern blot analysis ( Fig. 6 ) with five different DNA probes. Table 2 indicates the quantitative results obtained from Northern analysis of strains AP194 and AP200 (wild type), AP193 and AP195 (ssm1a-⌬1), and AP198 and AP199 (ssm1b-⌬1).
Data obtained by measuring the specific levels of SSM1a and SSM1b mRNA and comparing these levels with the total amount of SSM1 mRNA showed that there is unbalanced expression of the two SSM1 gene copies in wild-type cells. Indeed, the SSM1b transcript level is approximately twice the SSM1a transcript level (Table 2 ). In the ssm1a-⌬1 strains (AP193 and AP195), there is only a slight reduction in the overall amount of SSM1 mRNA (Table 2) . In these cells, a Table 1 ). WT, wild type.
FIG. 6. Northern analysis of SSM1a
and SSM1b mRNAs from haploid strains AP200 (WT [wild type]), AP195 (ssm1a-⌬1::TRP1), and AP199 (ssm1b-⌬1::URA3) (see Table 1 for full genotypes). To measure the specific levels of both mRNAs, total RNAs were hybridized with different specific oligonucleotide probes. (A) SSM1a 5Ј probe (oligonucleotide 1832) complementary to nucleotides Ϫ24 to Ϫ4 of SSM1a mRNA sequence. (B) SSM1a 3Ј probe (oligonucleotide 1833) complementary to nucleotides ϩ655 to ϩ676 of SSM1a mRNA sequence. (C) SSM1b 5Ј probe (oligonucleotide 1834) complementary to nucleotides Ϫ24 to Ϫ4 of SSM1b mRNA sequence. (D) SSM1b 3Ј probe (oligonucleotide 1835) complementary to nucleotides ϩ655 to ϩ675 of SSM1b mRNA. Each oligonucleotide hybridized specifically, because it did not cross-hybridize with the other SSM1 mRNA (shown in the deleted strains). Each filter was subsequently hybridized to an actin probe (19) to normalize the amount of mRNA and to an SSM1a ORF probe to estimate the total amount of SSM1 mRNA. The relevant genotype of the yeast strain from which the RNAs were extracted is indicated above each lane. The probes used are indicated on the left side of each panel.
VOL. 15, 1995 YEAST HOMOLOG OF BACTERIAL L1 RIBOSOMAL PROTEIN GENE 5077 slight dosage compensation effect seems to exist, because the level of SSM1b mRNA is reproducibly higher than that in the wild-type strains grown under the same conditions. In contrast, a drastic decrease in the amount of SSM1 transcripts is observed in the ssm1b-⌬1-deleted strains (AP198 and AP199), but the level of SSM1a mRNA is similar to that measured in the wild-type strains (AP194 and AP197). These data confirmed that the two SSM1 genes have different levels of expression and that the growth defect caused by the deletion of SSM1b results most likely from reduced production of Ssm1p because of the lower level of SSM1 transcripts. Both ssm1a and ssm1b deletion mutants exhibit polysome profiles indicative of a reduced rate of translation initiation. Because Ssm1p is a structural protein of the 60S ribosomal subunit, the reduction in the level of its synthesis might be expected to affect the protein synthesis machinery and could explain the reduced growth rate of ssm1b-⌬1 cells. To test this hypothesis, polysome extracts of wild-type, ssm1a-⌬1, and ssm1b-⌬1 cells were fractionated by sucrose velocity gradient centrifugation. Compared with that of wild-type cells (Fig. 7A) , the polysome profiles of ssm1a-⌬1 and ssm1b-⌬1 mutant cells (Fig. 7B and C) were aberrant, because they contained discrete peaks ( Fig. 7B and C, vertical arrows) sedimenting at positions in the gradient intermediate to the polyribosome peaks containing integral numbers of ribosomes. These unusual polysome species are stalled translation initiation complexes, also known as halfmers (25) . Nevertheless, the ssm1a-⌬1 mutant cells (Fig. 7A ) accumulated fewer halfmer polysomes than did the ssm1b-⌬1 cells and did not show a diminution in the amount of larger polysomes, as observed in ssm1b-⌬1 cells (Fig. 7C) .
DISCUSSION
We have isolated and sequenced a previously unidentified gene, SSM1a, while looking for dosage-dependent suppressors of a thermosensitive S. cerevisiae mutation, rna14-1, which impairs mRNA polyadenylation (37, 38) . We then found that SSM1a is duplicated in the yeast genome and that the second gene copy, SSM1b, encodes an identical protein, Ssm1p. The Ssm1p protein displays significant primary sequence similarities to the bacterial L1 ribosomal protein (Fig. 3) . This strongly suggested that it may thus be the yeast counterpart of this procaryotic ribosomal protein, even though no equivalent ribosomal component had previously been identified in eucaryotic cells (7, 21, 33) . Our immunological data with anti-Ssm1p antibodies firmly establish that Ssm1p is a structural protein of the yeast ribosome (Fig. 4) . Like its E. coli L1 homolog, which is a structural component of the 50S subunit (69), Ssm1p is a structural protein of the largest 60S yeast ribosomal subunit.
The existence of L1-like ribosomal proteins in eucaryotic cells is not restricted to S. cerevisiae, because we show that the anti-Ssm1p antibodies recognize a unique polypeptide with the same apparent molecular mass as Ssm1p in a total protein extract from the remotely related yeast species Schizosaccharomyces pombe (Fig. 4A, lane Sp) . Additionally, we have found in recent sequence data banks partial or complete amino acid sequences of four putative eucaryotic polypeptides with unknown functions which display significant primary sequence homology to Ssm1p (Fig. 3) . The level of homology in the alignment of these peptide sequences with their homologous regions of Ssm1p is high enough to consider them part or complete ribosomal protein homologs of Ssm1p. Thus, starting from the yeast gene SSM1a, we show that the large ribosomal subunits of unicellular eucaryotes (S. cerevisiae, S. pombe, and Trypanosoma brucei) and those of higher eucaryotes (Arabidopsis thaliana, Mus musculus, and Homo sapiens) contain a structural ribosomal protein homologous to the bacterial L1 ribosomal protein. The multiple alignments of these eucaryotic proteins with their most homologous eubacterial and archaebacterial L1 ribosomal protein show that the overall primary structure of L1 has been conserved during evolution. Identical residues are found in all proteins and are probably essential for their function. However, some obvious divergence has occurred, because the amino termini of eucaryotic proteins which display a strong conservation have widely diverged from the amino termini of eubacterial and archaebacterial L1 ribosomal proteins.
This conservation during evolution suggests that L1-like ribosomal proteins play a pivotal role either in the structure or the function of the ribosome. In E. coli, L1 binds to the 23S rRNA of the large 50S subunit (7) . The binding property of L1-like proteins to rRNA has been conserved in some archaebacteria (33) . In yeasts, two ribosomal proteins of the large 60S subunit, L25 and L15, have conserved the rRNA binding function of their E. coli homologs, L23 and L11 (14, 15) . It is thus possible that the eucaryotic L1 ribosomal proteins could have conserved the rRNA binding function of their procaryotic homolog.
Like many other genes encoding ribosomal proteins, the gene SSM1 is duplicated in the yeast genome. Comparison of the SSM1a and SSM1b nucleotide sequences reveals a high degree of homology within their coding regions (Ϸ92%) but widely divergent flanking regions (Fig. 2) . Unlike many yeast genes encoding ribosomal proteins, neither SSM1 gene copy contains a consensus sequence for mRNA splicing, suggesting that they do not contain an intron. The absence of an intron is reinforced by the absence of a gap in the alignment of the Ssm1p protein and the archaebacterial L1 ribosomal protein from H. halobium (Fig. 3) . Both SSM1 gene copies are expressed in wild-type cells but contribute unequally to the SSM1 mRNA pool. Indeed, the steady-state level of SSM1b transcripts is approximately twice that of SSM1a transcripts. Differences in mRNA abundance have also been measured for (Fig. 5A) . In contrast, inactivation of SSM1b results in a drastic decrease in the SSM1 mRNA level of the cell and a severe reduction in the growth rate (Fig. 5B) . The slow-growth phenotype of ssm1b-⌬1 cells is suppressed by transforming these cells with a plasmid containing a functional SSM1a or SSM1b gene. This demonstrates that it is the absence of normal amounts of the SSM1 gene products in ssm1b-⌬1 that causes a reduction in the growth rate and that the Ssm1p protein encoded by both SSM1 genes are interchangeable. It also shows that in haploid cells, the amount of mRNA produced by a single SSM1b gene is sufficient to ensure normal growth, whereas the mRNA transcribed from a single active SSM1a gene produces a limiting amount of Ssm1p, thus affecting the growth properties of the cell.
In the ssm1b-⌬1 cells, the level of SSM1a mRNA is comparable to that measured in wild-type cells. In contrast, in the ssm1a-⌬1 cells, the level of SSM1b mRNA is reproducibly higher than that in wild-type cells. This suggests that the amount of Ssm1p protein available in the cells might regulate the expression of the SSM1b gene. Another observation reinforces the existence of a mechanism regulating this gene expression. Whereas, SSM1a is a multicopy suppressor of the thermosensitive defect of rna14 mutants, SSM1b, which we have isolated and demonstrated to be functional, is not (44) . This is apparently paradoxical, since SSM1b has the highest level of expression. The most logical explanation might be that a negative control limits the expression of the SSM1b gene but not that of the SSM1a gene. This is in marked contrast to what has been found for many other pairs of duplicated essential yeast ribosomal protein genes. Typically, the deletion of one or the other gene of a duplicate pair does not affect the mRNA steady-state level of the remaining gene (reviewed in references 71 and 72). Nevertheless, a few examples of the existence of control of the expression of one of the two copies of duplicated ribosomal protein genes in S. cerevisiae have been described (41, 47) , and in E. coli, there is an autogenous feedback regulation of L1 expression (20) . Further work should help determine if such a regulation mechanism controls the expression of the SSM1b gene.
We have demonstrated that Ssm1p is an essential protein. The indispensable function of Ssm1p in yeast cells is in marked contrast to that of its E. coli homolog, L1. Mutants of this bacteria lacking L1 protein have been isolated, showing that L1 is dispensable for bacterial viability (10, 63) . Study of these mutants has shown that the bacterial L1 protein seems to play a role in the elongation step of protein synthesis and that it improves an existing function rather than adding a new one (55) . Therefore, despite significant conservation of primary sequences, L1-like proteins from eucaryotic organisms would have acquired or retained some other function in protein synthesis, rendering them essential for cell viability.
Halfmer polyribosomes accumulate in both ssm1a-⌬1 and ssm1b-⌬1 mutants, but to a greater extent in the latter (Fig. 7) . Yeast halfmers are thought to be a 43S complex consisting of the 40S subunit with attached initiating factors awaiting the addition of the 60S ribosomal subunit (25) . Furthermore, the ssm1b-⌬1 mutant shows a significant reduction in large polysomes which is not observed in the ssm1a-⌬1 mutant. Presumably, the difference in the polyribosome size distribution in this mutant results from a decreased rate of initiation of protein synthesis (43) and causes the reduction in its growth rate. Thus the primary defect caused by depletion in Ssm1p apparently slows down the rate of translation initiation.
Deletion of one or both copies of two other duplicated genes, RPL16 (49) and RPL30 (3), which encode ribosomal protein from the large 60S ribosomal subunit, causes the same modification to the polysome profile, also associated with a reduction in the growth rate (3, 49) . In the yeast cells depleted of RPL16 (49) , the initiation defect is the consequence of a deficit in 60S subunits, probably because of a defect in the ribosomal assembly (39, 49) . In contrast, in the absence of RPL30, the amount of 60S subunit is normal, and it was proposed that the translation defect was caused by defective 60S subunits unable to join the translation machinery (3) . No imbalance in 40S and 60S subunits seems to exist in the SSM1-deleted mutants, which argues against a defect in 60S subunit assembly like that in rp116 mutants (49) and which argues in Table 1 for the full genotype). For this analysis, cells were grown at 30ЊC in YEPD medium to an OD 600 of 1 (Ϸ2.10 7 cells per ml). The positions of 40S and 60S ribosomal subunits, 80S monosomes, and polysomes containing two to nine ribosomes are indicated above the absorbance profiles. The vertical arrows indicate the halfmers. The left sides of the graphs correspond to the tops of the sucrose gradients.
VOL. 15, 1995 YEAST HOMOLOG OF BACTERIAL L1 RIBOSOMAL PROTEIN GENE 5079 favor of a deficient 60S subunit like that in rp130 mutants (3) . The existence of halfmers in the SSM1-deleted mutants could thus result from the fact that the shortage in Ssm1p causes the formation of structurally modified 60S subunits which might alter the interaction between 60S and 40S ribosomal subunits or the binding of 60S-specific translation initiation factors. The recent isolation of thermosensitive alleles of the SSM1a and the SSM1b genes (29a) should help elucidate the role of Ssm1p in ribosome biogenesis and should help define more precisely its function in the translation processes of yeast poly(A) mRNAs.
Many differences between the translation initiation processes of eucaryotic and procaryotic organisms exist (29) . One major but important specificity of the eucaryotic translation initiation step is the involvement of the mRNA poly(A) tail of mRNA (reviewed in references 28 and 52). It is noteworthy that SSM1a is a multicopy suppressor of a yeast mutation, rna14, which primarily affects poly(A) metabolism (37, 38) . Mutations in another ribosomal protein gene, RPL46, have been found to bypass the translation initiation defect caused by alterations in the poly(A)-binding protein, providing evidence of a link between proteins of the large 60S subunits, the poly(A) tail, and its associated proteins during translation initiation (53) . In that case, the 60S subunits but not the poly(A) metabolism were affected. The multicopy suppressor gene SSM1a does not suppress the mRNA poly(A) defect observed in rna14 mutant cells (44) . This suggests that the suppressor effect of overexpression of Ssm1p is at the level of mRNA translation. Consequently, and also because of the primary defect in translation initiation caused by depletion in Ssm1p, one may speculate that in yeast cells, the L1-like ribosomal proteins have acquired a function in the translation initiation process indirectly or directly linked to the poly(A) tail or its associated proteins.
